Previous studies have demonstrated that G1/S cell cycle blockers and inhibitors of cyclin-dependent kinases (CDKs) prevent the death of nerve growth factor (NGF )-deprived PC12 cells and sympathetic neurons, suggesting that proteins normally involved in the cell cycle may also serve to regulate neuronal apoptosis. Past findings additionally demonstrate that DNAdamaging agents, such as the DNA topoisomerase (topo-I) inhibitor camptothecin, also induce neuronal apoptosis. In the present study, we show that camptothecin-induced apoptosis of PC12 cells, sympathetic neurons, and cerebral cortical neurons is suppressed by the G1/S blockers deferoxamine and mimosine, as well as by the CDK-inhibitors flavopiridol and olomoucine. In each case, the IC 50 values were similar to those reported for inhibition of death induced by NGF-deprivation. In contrast, other agents that arrest DNA synthesis, such as aphidicolin and N-acetylcysteine, failed to block death. This suggests that the inhibition of DNA synthesis per se is insufficient to provide protection from camptothecin. We find additionally that the cysteine aspartase family protease inhibitor zVAD-fmk inhibits apoptosis evoked by NGF-deprivation but not camptothecin treatment. Thus, despite their shared sensitivity to G1/S blockers and CDK inhibitors, the apoptotic pathways triggered by these two causes of death diverge at the level of the cysteine aspartase. In summary, neuronal apoptosis induced by the DNA-damaging agent camptothecin appears to involve signaling pathways that normally control the cell cycle. The consequent death signals of such deregulation, however, are different from those that result from trophic factor deprivation.
Previous studies have demonstrated that G1/S cell cycle blockers and inhibitors of cyclin-dependent kinases (CDKs) prevent the death of nerve growth factor (NGF )-deprived PC12 cells and sympathetic neurons, suggesting that proteins normally involved in the cell cycle may also serve to regulate neuronal apoptosis. Past findings additionally demonstrate that DNAdamaging agents, such as the DNA topoisomerase (topo-I) inhibitor camptothecin, also induce neuronal apoptosis. In the present study, we show that camptothecin-induced apoptosis of PC12 cells, sympathetic neurons, and cerebral cortical neurons is suppressed by the G1/S blockers deferoxamine and mimosine, as well as by the CDK-inhibitors flavopiridol and olomoucine. In each case, the IC 50 values were similar to those reported for inhibition of death induced by NGF-deprivation. In contrast, other agents that arrest DNA synthesis, such as aphidicolin and N-acetylcysteine, failed to block death. This suggests that the inhibition of DNA synthesis per se is insufficient to provide protection from camptothecin. We find additionally that the cysteine aspartase family protease inhibitor zVAD-fmk inhibits apoptosis evoked by NGF-deprivation but not camptothecin treatment. Thus, despite their shared sensitivity to G1/S blockers and CDK inhibitors, the apoptotic pathways triggered by these two causes of death diverge at the level of the cysteine aspartase. In summary, neuronal apoptosis induced by the DNA-damaging agent camptothecin appears to involve signaling pathways that normally control the cell cycle.
The consequent death signals of such deregulation, however, are different from those that result from trophic factor deprivation.
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Neuronal apoptosis is an integral part of nervous system development (Oppenheim, 1991) as well as neuronal injury and disease (Cheng and Mattson, 1991) . However, the signaling mechanisms that regulate this pathway are poorly understood. Characterization of apoptosis in neuronal cells deprived of trophic support has provided some insight into possible mechanisms by which death may occur. For example, neuronal apoptosis is accompanied by changes in cyclin-dependent kinase (CDK) activity and cyclin expression Freeman et al., 1994; Gao and Zalenka, 1995) , suggesting that proteins normally involved in cell cycle control might also serve to regulate neuronal death. Consistent with this, several agents that inhibit cell cycle progression, including chlorophenylthio-cAMP (CPT-cAMP) (Rydel and Greene, 1988; Farinelli and Greene, 1996) ; N-acetylcysteine (NAC) Yan et al., 1995) ; the G1/S blockers mimosine, deferoxamine, and ciclopirox (but not S-and M-phase blockers) (Farinelli and Greene, 1996) ; and the CDK inhibitors flavopiridol and olomoucine (Park et al., 1996a) , promote survival of neuronal PC12 cells and sympathetic neurons deprived of trophic support. Accordingly, it has been hypothesized that neurotrophins may prevent neuronal death by coordinating cell cycle progression and /or preventing inappropriate activation of cell cycle signaling pathways (Batistatou and Greene, 1993; Ferrari and Greene, 1994; Freeman et al., 1994; Greene et al., 1995) .
Several anticancer agents, including the S-phase inhibitor cytosine arabinoside (araC) (Winkelman and Hines, 1983; Wallace and Johnson, 1989; Martin et al., 1990 ) and the DNA topoisomerase-II inhibitors etoposide, teniposide, and mitoxanthrone (Nakajima et al., 1994; Tomkins et al., 1994) , induce neuronal apoptosis. Recently, it was demonstrated that the specific DNA topoisomerase-I (topo-I) inhibitor camptothecin also causes neuronal apoptotic death (Morris and Geller, 1996) . These observations led to the proposal of a novel mechanism of action of topo-I poisons whereby transcription contributes to the formation of DNA strand breaks; this process would be similar to replicationally driven DNA strand break formation in proliferating cells (Hsiang et al., 1985 (Hsiang et al., , 1989 . However, the downstream events that occur after camptothecin-induced apoptosis remain unclear. Recent reports demonstrate increased cdc2 (Shimizu et al., 1995) and cyclin E-associated (Ping Dou et al., 1995) kinase activities in response to DNA-damaging agents, including camptothecin. This raises the possibility that, as with neuronal death caused by trophic factor deprivation, neuronal apoptosis induced by camptothecin and other DNA-damaging agents may be attributable to deregulated or inappropriate cell cycle signals. In the present studies, we have tested this notion by assessing the capacity of various cell cycle blockers to suppress camptothecin-induced death in several different neuronal cell culture systems. In addition, we examined whether the consequent death signals resulting from deregulated cell cycle signals were similar in neurons induced to die by either nerve growth factor (NGF) deprivation or camptothecin treatment.
MATERIALS AND METHODS
Materials. Human recombinant NGF was kindly provided by Genentech (San Francisco, CA). Flavopiridol (L86 -8275, [(Ϫ) cis-5,7-dihydroxy-2-(2-chlorophenyl)-8[4-(3-hydroxy-1-methyl)-piperidinyl]-4H-benzopyran-4 -1]) was a generous gift from Dr. Peter J. Worland (National Cancer Institute).
Olomoucine (2-(2-hydroxyethylamino)-6-benzylamino-9-methylpurine) and iso-olomoucine were obtained from LC Laboratories. Actinomycin D, aphidicolin, camptothecin, 5(6)-carboxyfluorescein diacetate (CFDA), ciclopirox, 4Ј,6-diamidino-2-phenylindole (DAPI), deferoxamine, mimosine, N-acetylcysteine, mouse NGF, and anti-mouse NGF antiserum were obtained from Sigma (St. Louis, MO). Chlorophenylthio (CPT)-cAMP and zVAD-fluoromethylketone (zVAD-fmk) were purchased from Boehringer Mannheim (Indianapolis, IN) and Enzyme Systems Products (Dublin, CA), respectively.
Culture and survival assay of PC12 cells. Naive PC12 cells were cultured and passaged as described previously (Greene and Tischler, 1976) . Neuronally differentiated PC12 cells were generated by exposing PC12 cells to NGF in serum-free RPMI 1640 for 8 -9 d. For survival experiments, naive, or neuronally differentiated PC12 cells were plated onto collagencoated 24-well tissue culture dishes at a density of ϳ2 ϫ 10 5 cells per well. PC12 cells were cultured in serum (10% heat-inactivated horse serum and 5% fetal calf serum) containing RPMI 1640 medium (naive PC12 cells) and serum-free RPMI 1640 medium containing NGF (100 ng/ml) (neuronal PC12 cells) throughout the course of the survival experiment. At appropriate times of culture under the conditions described in the text, cells were lysed and the numbers of viable cells were evaluated as described previously (Rukenstein et al., 1991) . All experimental points are expressed as a percentage of cells plated on day 0 and are reported as mean Ϯ SEM (n ϭ 3).
Culture and survival assay of rat sympathetic neurons. Primary cultures of rat sympathetic neurons were obtained from dissociated superior cervical ganglia of postnatal day 1 rats (strain, Sprague Dawley) as described previously (Lee et al., 1980) . The cells were plated onto collagen-coated 24-well dishes at a density of ϳ0.5 ganglia per well and maintained in RPMI 1640 medium supplemented with 10% heat-inactivated horse serum and 60 ng/ml mouse NGF for a period of 3 d before the start of camptothecin survival experiments. A mixture of uridine and 5-fluorodeoxyuridine (10 M each) was also added to eliminate nonneuronal cells on day 2. NGF deprivation was performed by washing with NGF-free medium and addition of anti-NGF antiserum as described previously (Park et al., 1996a) . At appropriate times, the numbers of viable, phase-bright neurons were determined by strip counting as described previously (Rydel and Greene, 1988) . All experimental points are expressed relative to the original number of neurons present in each well and are reported as mean Ϯ SEM (n ϭ 3).
Culture and survival assay of rat cerebral cortical neurons. Primary cultures of dissociated embryonic day 17 rat cerebral cortical neurons were obtained from timed-pregnant Sprague Dawley rats (Hilltop Lab Animals, Scottsdale, PA) and prepared by the method described previously (Ventimiglia and Geller, 1987) . Neurons were plated on top of a preexisting monolayer of rat cerebral cortical astrocytes cultured from postnatal days 1-3 Sprague Dawley rats as described previously (Morrison and deVellis, 1981) . For quantitative neuronal survival experiments, cortical neurons were plated at a density of 1.5 ϫ 10 5 cells/well in 24-well plates and maintained in DMEM supplemented with 2% heat-inactivated fetal calf serum, NaHCO 3 (2.2 mg/ml), penicillin (50 g/ml), and streptomycin (50 U/ml). Neuronal survival was determined using the CFDA assay (Petroski and Geller, 1994) . Briefly, cells were washed once and incubated with CFDA. Under these conditions, both neurons and astrocytes take up and cleave CFDA to the anionic fluorophore 5(6)-carboxyfluorescein (CF). The medium was then removed and the cells rinsed, during which time the astrocytes pump CF into the medium while neurons retain it for several hours. After the rinse, the cells were lysed and the fluorescence of the lysate was measured with a fluorescence spectrophotometer. Fluorescence intensity is proportional to the number of metabolically viable neurons (Petroski and Geller, 1994) . Each experiment was performed at least three times and run in parallel with a standard CF calibration curve to ensure accurate fluorometric measurements. Neuronal survival after treatment with the pharmacological agents was compared with parallel treatment with control medium, and survival was expressed as percent of control Ϯ SD (n ϭ 3-4 per condition). Camptothecin, flavopiridol, olomoucine, and iso-olomoucine were dissolved in 100% DMSO. Control cultures typically contained Ͻ 0.3% DMSO as vehicle control and were generally not toxic within the time range of the experiments described below.
Determination of apoptotic chromatin condensation. To determine the degree of apoptotic chromatin condensation, cells were grown on 12 mm glass coverslips, treated as described, and then fixed with ice-cold ethanol/acetic acid (95:5) for 8 min at 4ЊC. After fixation, cells were rinsed three times in 0.1 M PBS and incubated with 1 g/ml DAPI for 10 min at room temperature. Cells were then rinsed three times in PBS and once in water, mounted upside down on a glass slide, and sealed with nail enamel. Nuclei were visualized under UV epifluorescence, and images were captured using a Dage CCD72 camera, Dage DSP2000 digital signal processor, and a Macintosh Quadra 700 with a Scion LG-3 frame grabber board under the control of National Institutes of Health Image program (V 1.57, available by anonymous FTP from zippy.nimh.nih.gov) and further processed with Adobe Photoshop software.
RESULTS

Effects of cell cycle blockers on camptothecin-induced death of nonproliferating neuronally differentiated PC12 cells CDK inhibitors, G1/S blockers, and CPT-cAMP inhibit camptothecin-induced death of neuronally differentiated PC12 cells
Previous studies have demonstrated that camptothecin causes apoptotic death of rat cerebral cortical neurons (Morris and Geller, 1996) . As shown in Figure 1 A, camptothecin (10 M) is also toxic to nonproliferating neuronally differentiated PC12 cells; 50% of the cells die after 3 d of treatment, and nearly all are dead by 6 d, even in the presence of NGF. DAPI staining of PC12 cell cultures treated with camptothecin shows chromatin condensation characteristic of apoptosis ( Fig. 2 D, arrow) , whereas practically all of the nuclei in control, untreated cultures are intact (Fig. 2 B) . As demonstrated with cortical neurons (Morris and Geller, 1996) , inhibition of transcription by actinomycin D cotreatment prevents the camptothecin-mediated death of neuronal PC12 cells (data not shown).
We determined next whether the CDK-inhibitors flavopiridol and olomoucine could prevent camptothecin-induced death of neuronally differentiated PC12 cells. Flavopiridol is a flavanoid derivative that potently inhibits cdk1, 2, and 4 activities (Losiewicz et al., 1994; Filgueira de Azevedo et al., 1996) (P.J. Worland, unpublished results), and olomoucine is a purine derivative that has been reported to inhibit cdk1, 2, and 5, as well as ERK1/ MAP-kinase activities (Vesely et al., 1994) . Both agents reportedly block progression from G1 to S-and G2 to M-phases of the cell cycle (Kaur et al., 1992; Vesely et al., 1994) and are poor inhibitors of other kinases examined (Losiewitz et al., 1994; Vesely et al., 1994; Park et al., 1996a) . Both drugs were quite effective in long-term protection from camptothecin-induced death. Approximately 70% of the cells were viable after 6 d of camptothecin treatment, whereas all cells were dead with camptothecin alone at this time ( Fig. 1 A) . Treatment of cells with either agent alone in the absence of camptothecin also resulted in ϳ30% cell death at day 6 (data not shown). In addition, both flavopiridol and olomoucine were able to prevent camptothecininduced apoptotic chromatin condensation ( Fig. 2 F, H ). However, both flavopiridol and olomoucine, in combination with camptothecin or alone, were able to induce partial chromatin changes consisting of granular, punctate nuclei ( Fig. 2 H, arrow-head), suggesting that these agents might have other effects on nuclear structure.
Maximal protection from death was observed at 1 M flavopiridol ( Fig. 1 B) and 200 M olomoucine (Fig. 1C) . These are the minimum concentrations that fully inhibit DNA synthesis by proliferating PC12 cells (Park et al., 1996a) . Isoolomoucine, an analog of olomoucine that differs in the location of one substituent methyl group and poorly inhibits CDK activity or DNA synthesis (Park et al., 1996a) , was used as an internal control for any nonspecific effects of the olomoucine chemical moiety. It failed to prevent the death of camptothecin-treated neuronal cells (Fig. 1 A) . Figure 3 shows the morphology of neuronally differentiated PC12 cells treated with the CDK inhibitors in the presence or absence of camptothecin. The cells rescued by flavopiridol or olomoucine show the typical phase-bright morphology of viable cells. As reported previously (Park et al., 1996a) , the CDK inhibitors appear to partially suppress neurite generation.
Next we examined several additional cell cycle blockers for their ability to inhibit camptothecin-induced death of neuronal PC12 cells. The G1/S blockers mimosine and deferoxamine, as well as the membrane-permeant cAMP analog CPT-cAMP inhibit trophic factor deprivation-induced neuronal apoptosis at concentrations that fully block DNA synthesis in naive PC12 cells (Farinelli and Greene, 1996) . At these concentrations, deferoxamine (Fig.  4 A) and mimosine (Fig. 4 B) effectively suppressed death for up to 4 d of camptothecin treatment. After this time, cell death occurred even in the absence of camptothecin. In addition, CPTcAMP delayed camptothecin-induced death of neuronally differentiated PC12 cells (Fig. 4C ) but was less effective in maintaining survival than either deferoxamine or mimosine. These data demonstrate that camptothecin-induced apoptosis of neuronal PC12 cells is similar to NGF deprivation-induced apoptosis, in that both can be inhibited by cell cycle blockers.
Aphidicolin and N-acetylcysteine fail to prevent camptothecininduced death of neuronally differentiated PC12 cells
Previous studies demonstrated that cell cycle inhibitors that block beyond the G1/S interface do not promote survival of PC12 cells and sympathetic neurons deprived of trophic support (Farinelli and Greene, 1996) . Consistent with this observation, the S-phase inhibitor aphidicolin, which inhibits the activity of replicative DNA polymerase ␣, failed to block death of neuronally differentiated PC12 cells treated with camptothecin (Fig. 5A ). These data are consistent with the previous observation that aphidicolin does not prevent camptothecin-induced apoptosis of cortical neurons (Morris and Geller, 1996) . This implies that camptothecininduced cell death is not dependent on DNA replication and that blockade of DNA synthesis per se is not sufficient to account for the protective actions of G1/S blockers and CDK inhibitors. NAC also inhibits DNA synthesis and protects both neuronal and naive PC12 cells from loss of trophic support Yan et al., 1995) . Similarly to aphidicolin, NAC failed to suppress the death of camptothecin-treated neuronal PC12 cells (Fig. 5B) . This supports the notion that inhibition of DNA synthesis alone is inadequate to protect cells from camptothecin. Furthermore, these data indicate that NAC distinguishes between the mechanisms by which trophic factor deprivation and camptothecin induce neuronal apoptosis.
Effects of cell cycle blockers on camptothecin-induced death of naive proliferating PC12 cells
Camptothecin also induced the death of naive, proliferating PC12 cells, and this was accompanied by chromatin condensation characteristic of apoptosis (data not shown). Camptothecin (10 M) induced maximal death at day 2 after treatment (data not shown). The various cell cycle inhibitors were tested for their ability to block death in this paradigm. Deferoxamine (Fig. 6 A) , mimosine (Fig. 6 B) , and CPT-cAMP (Fig. 6C ) significantly delayed death caused by camptothecin (ϳ70 -80% survival after cotreatment with the cell cycle inhibitors vs 25-30% survival with camptothecin alone on day 2). These agents also promote survival of serumdeprived naive PC12 cells (Rukenstein et al., 1991; Farinelli and Greene, 1996) . In the latter case, pretreatment of cells with mimosine and deferoxamine was necessary to promote optimal survival, whereas no pretreatment was necessary for protection against camptothecin-induced death. This difference is most likely attributable to the slower onset of death with camptothecin, which permits sufficient uptake of the drug before an irreversible commitment to apoptosis (Farinelli and Greene, 1996) (Fig. 6) .
Previous reports suggest that the mechanism of camptothecininduced apoptosis in proliferating cells is attributable to the formation of DNA double-strand breaks formed during collision of the replication machinery and the camptothecin /topo-I / DNA ternary complex (called the cleavable complex) (Hsiang et al., 1985) . Consistent with this, aphidicolin has been shown to prevent camptothecin-induced death of cycling cells (Hsiang et al., 1989; D'Arpa et al., 1990) . However, our observations fail to support this model for naive, cycling PC12 cells. Both aphidicolin (Fig.  6 D) and NAC (data not shown) failed to suppress camptothecin cytotoxicity at concentrations that inhibit DNA synthesis . Thus, as in the case with neuronal PC12 cells, inhibition of DNA synthesis alone is not the deciding factor that determines whether a particular agent protects cells from camptothecin-induced apoptosis.
The CDK inhibitors flavopiridol and olomoucine inhibit death of camptothecin-treated sympathetic neurons
Next we investigated whether agents effective on PC12 cells also protect cultured rat sympathetic neurons from camptothecininduced death. Typically, after 3 d of camptothecin exposure (10 M), ϳ50% of these neurons died and most were dead after 5 d of treatment (Fig. 7A ). This death was not attributable to general inhibition of transcription, because exposure to actinomycin D treatment (10 M), which also blocks transcription, did not result in death until day 6 (Fig. 7A ). As observed with camptothecintreated cortical neurons (Morris and Geller, 1996) , as well as trophic factor deprived sympathetic neurons and neuronal PC12 cells (Martin et al., 1988; Mesner et al., 1992) , actinomycin D treatment prevented the death of camptothecin-treated sympathetic neurons (data not shown).
Flavopiridol (Fig. 7 A, B) and olomoucine (Fig. 7C, D) protected sympathetic neurons from camptothecin-induced death at concentrations of 1 M and 200 M, respectively. At these levels, full protection occurred for a period of 5 d of continuous incubation. Treatment of neurons with either agent alone in the absence of camptothecin resulted in ϳ30% cell death at day 6 (data not shown), as did exposure to actinomycin D alone (Fig.  7A ). Flavopiridol and olomoucine inhibited camptothecin-induced death with IC 50 values of 100 nM and 50 M, respectively; these concentrations are similar to those reported for inhibition of NGF deprivation-induced death (Park et al., 1996a) . In addition, as with PC12 cells, isoolomoucine was not effective in promoting survival (Fig. 7C) . NAC also failed to promote survival of camptothecin-treated sympathetic neurons (data not shown), again consistent with our PC12 cell results. Figure 8 illustrates the morphology of camptothecin-treated sympathetic neurons cultured in the presence or absence of flavopiridol and olomoucine. Phasebright cell bodies and healthy processes were maintained in the flavopiridol-or olomoucine-treated cultures 5 d after the start of camptothecin treatment. In contrast, cultures treated with camptothecin alone showed degenerating neurites and cell bodies. The ICE family protease inhibitor zVAD-fmk protects sympathetic neurons from NGF deprivation but not camptothecin cytotoxicity NGF-deprived sympathetic neurons can be rescued from death by the cysteine aspartase inhibitor zVAD-fmk (Park et al., 1996b; Troy et al., 1996) . At 100 M, zVAD-fmk fully protects the neurons after 3 d of NGF deprivation (Fig. 9A) . At this time, ϳ90% of the neurons in untreated, NGF-deprived cultures are dead. In contrast, the same concentration of zVAD-fmk has no effect on the kinetics of death in camptothecin-treated cultures (Fig. 9B ). These observations suggest that there is a divergence in apoptotic signaling events triggered by trophic factor withdrawal and exposure to camptothecin, in that camptothecin-induced apoptosis of neurons is not inhibited by the cysteine aspartase inhibitor zVAD-fmk.
Effects of the cell cycle blockers on camptothecininduced death of cerebral cortical neurons
Previous studies have demonstrated that camptothecin causes apoptotic death of neurons cultured from the embryonic rat cerebral cortex (Morris and Geller, 1996) . To determine whether camptothecin-induced cortical neuronal death could be inhibited by CDK inhibitors, initial experiments were carried out by treating mixed cultures with 10 M camptothecin in the presence or absence of 0.5 M flavopiridol or 200 M olomoucine and evaluating neuronal survival at 24 hr. The cells were also fixed and DAPI-stained to visualize nuclear chromatin morphology. Control cultures consisted of healthy, phase-bright, process-bearing neurons on top of a confluent monolayer of astrocytes (Fig. 10 A) , with the neuronal nuclei appearing bright, round, and intact (Fig.  10 B) . Camptothecin treatment resulted in neuronal death without any obvious effects on the astrocyte monolayer (Fig. 10C) . In addition, the morphology of the neurons treated with camptothecin was characterized by somal blebbing and neurite degeneration (Fig. 10C) as well as nuclear chromatin condensation typical of apoptosis (Fig. 10 D) . Cotreatment with camptothecin and flavopiridol ( Fig. 10 E, F ) or olomoucine (Fig. 10G, H ) completely prevented camptothecin-induced death, and the neurons appeared as healthy as neurons in control cultures. In addition, both CDK inhibitors prevented camptothecin-induced apoptotic chromatin condensation (Fig. 10 F, H ) .
To quantify the degree of protection afforded by the CDK inhibitors, mixed cultures were treated with 10 M camptothecin in the presence and absence of increasing concentrations of flavopiridol, olomoucine, and iso-olomoucine. Camptothecin treatment alone resulted in ϳ70% neuronal death by 24 hr (as determined by the CFDA assay). Both flavopiridol (Fig. 11 A) and olomoucine (Fig. 11 B) significantly prevented camptothecininduced neuronal death in a dose-dependent manner, with IC 50 values of ϳ0.1 M and 100 M, respectively. In contrast, cotreatment with up to 200 M iso-olomoucine failed to prevent camptothecin-induced neuronal death (Fig. 11C) . These data further suggest that camptothecin-induced apoptosis of CNS neurons involves inappropriate cell cycle signals that can be inhibited by cell cycle inhibitors. In support of this hypothesis, both deferoxamine and mimosine were also able to delay camptothecininduced apoptosis of cortical neurons (data not shown). However, both of these agents were significantly toxic to cortical neurons by themselves.
DISCUSSION
The data presented here demonstrate that camptothecin-induced apoptotic cell death can be inhibited by several agents that interact with cell cycle regulatory mechanisms. These include inhibitors of CDKs as well as agents that block the G1/S transition in dividing cells. This suggests that the signals that trigger cell death in response to camptothecin involve cell cycle signals that precede entry into the S-phase. This would be consistent with the presence of a critical checkpoint before the G1/S border that, once passed, results in neuronal death. In proliferating cells, this point appears to coincide with the G1/S restriction point, after which cell cycle control cannot be maintained and the cell is committed to continue through the cell cycle (Pardee et al., 1974) . It may be that this checkpoint is important in controlling apoptosis in nondividing cells as well.
Cell cycle checkpoints are primarily controlled by the activity of CDKs and their interactions with their cognate cyclins (Morgan, 1995) . Changes in the activity of CDKs and cyclins are also observed during apoptosis of many different cell types. For instance, death of HL60 cells caused by camptothecin and araC is associated with elevated cdc2 activity (Shimizu et al., 1995) and cyclin E-associated kinase activity (Ping Dou et al., 1995) , respectively. Also, camptothecin-induced apoptosis of RKO cells is associated with an increase in expression of cyclin D1 (Chen et al., 1995) . In addition, other pharmacological agents that induce Figure 6 . Effect of cell cycle blockers on camptothecin-induced death of naive PC12 cells. Cells were cultured in the presence of serum with and without 10 M camptothecin as indicated. Replicate naive PC12 cell cultures were grown as indicated in the presence of 1 mM deferoxamine (A); 400 M mimosine (B); 100 M CPT-cAMP (C); or 10 M aphidicolin (D). Each data point is the mean Ϯ SEM (n ϭ 3) and is expressed relative to the number of cells initially plated.
apoptosis also upregulate cyclin A-associated CDK activity (Hoang et al., 1994; Meikrantz et al., 1994) , and expression of dominant-negative mutants of cdc2, cdk2, and cdk3 suppress apoptosis in HeLa cells (Meikrantz and Schlegel, 1996) .
Although these effects have been reported in proliferating cells, several lines of evidence also implicate cyclins and CDKs in neuronal death. NGF deprivation leads to increased cdc2 activity and cyclin B expression in neuronal PC12 cells Gao and Zelenka, 1995) , as well as elevated cyclin D1 transcript levels in sympathetic neurons . Furthermore, expression of the CDK inhibitor p21 is required for survival of differentiated neuroblastoma cells (Poluha et al., 1996) , and the CDK inhibitor p16 protects these cells from death caused by trophic factor deprivation (Kranenburg et al., 1996) . Finally, the CDK inhibitors olomoucine and flavopiridol block death of sympathetic neurons and neuronal PC12 cells deprived of trophic support (Park et al., 1996a) . These data therefore suggest that after loss of a trophic signal, a cell cycle-related pathway involving the cyclin-CDK machinery is turned on inappropriately, and this improper signal ultimately serves to activate the apoptotic pathway.
In light of such findings, we hypothesized that apoptosis of postmitotic neurons, induced by the DNA-damaging agent camptothecin, may also involve deregulated cell cycle signaling. We tested this model by examining whether known CDK inhibitors as well as other cell cycle blockers promote survival of camptothecintreated neuronal cells. In agreement, both flavopiridol and olomoucine blocked the death of neuronally differentiated PC12 cells, sympathetic neurons, and cerebral cortical neurons caused by exposure to camptothecin. Significantly, the doses of inhibitors required to promote neuronal survival correlate closely with the concentrations required to inhibit thymidine incorporation by dividing PC12 cells (Park et al., 1996a) . In addition, the G1/S blockers deferoxamine and mimosine also suppressed camptothecin-induced death of neuronal PC12 cells and cortical neurons and did so at concentrations at which they block DNA synthesis. Because the CDK inhibitors (Park et al., 1996a) and G1/S inhibitors (Farinelli and Greene, 1996) have minimal effect on protein synthesis of neuronal PC12 cells and sympathetic neurons, it is unlikely that these agents protect neurons from camptothecin-induced apoptosis by acting as a general protein synthesis inhibitor. Although our findings support involvement of cell cycle components in camptothecin-induced apoptosis, protection is not conferred by inhibition of the cell cycle per se. Whereas CDK inhibitors and G1/S blockers provided effective protection from camptothecin-promoted death, the S-phase blocker aphidicolin did not. This selectivity has also been observed in death induced by trophic factor deprivation (Farinelli and Greene, 1996) and appears to indicate that agents that block at stages in the cell cycle later than the G1/S interface may not be effective in preventing neuronal apoptosis. This is not unexpected, given the fact that postmitotic neurons are quiescent and do not synthesize DNA.
Although our findings are consistent with the notion of inappropriate cell cycle signaling as the cause of camptothecininduced neuronal apoptosis, other explanations must be considered. Deferoxamine (Ganeshaguru et al., 1980) and mimosine (Kontoghiorghes and Evans, 1985) may act as scavangers of reactive oxygen. However, the concentration of deferoxamine required to prevent PC12 cell death caused by oxidative stress is several orders of magnitude lower than that required to prevent camptothecin-induced death (Troy and Shelanski, 1994) . In addition, it is conceivable that flavopiridol and olomoucine inhibit kinases other than CDKs that are important in death. Although previous work has ruled out blockade of the activation or activity of the apoptosis-required c-Jun kinase (Park et al., 1996a) , and experiments to date have indicated that flavopiridol in particular appears to be highly selective for CDKs, we cannot rule out actions on kinases that have yet to be evaluated.
Although neuronal death caused by both trophic factor deprivation and camptothecin exposure are suppressed by CDK inhibitors and G1/S blockers, there are also important differences between the two paradigms. First, although NGF inhibits death caused by withdrawal of trophic support, it did not protect PC12 cells and sympathetic neurons from death induced by camptothecin. Similarly, NAC, which also supports the survival of trophic factor-deprived PC12 cells and sympathetic neurons, does not protect against camptothecin. Thus, this agent may protect trophic factor-deprived neural cells by a mechanism independent of its cell cycle effects, or the manner in which it inhibits DNA synthesis may be incompatible with protection from DNA damage.
Most importantly, whereas the ICE family cysteine aspartase inhibitor zVAD-fmk protects PC12 cells and sympathetic neurons from NGF deprivation (Park et al., 1996b; Troy et al., 1996) , it had no effect on apoptosis induced by camptothecin. This suggests that the nature of the deregulated cell cycle signaling is different and /or the pathways by which cells die in the two paradigms must diverge. Because ICE/cysteine aspartase-like enzymes appear to be causally involved in apoptosis induced by a variety of different initiating stimuli, one possibility that explains this divergence is that death induced by camptothecin involves ICE family cysteine aspartase members that are not sensitive to zVAD-fmk. Recent findings demonstrate that different ICE/cysteine aspartase family members mediate PC12 cells death evoked by NGF deprivation and by superoxide dismutase 1 downregulation (Troy et al., 1996) .
The mechanism by which camptothecin may potentially induce deregulated cell cycle signaling is unclear. Camptothecin is known to inhibit RNA synthesis (Horwitz et al., 1971) , induce c-jun mRNA in myeloid leukemia cells (Kharbanda et al., 1991) , and cause differentiation of certain leukemia lines (McSheehy et al., 1991; Aller et al., 1992) . It is clear that the ability of camptothecin to inhibit RNA synthesis per se does not contribute to its neuronal cytotoxicity, because actinomycin D treatment, which also blocks transcription, protects neurons from camptothecin-induced apoptosis. In light of this observation, Morris and Geller (1996) have recently proposed that camptothecin causes transcriptional machinery-driven formation of DNA strand breaks in neurons. With respect to the induction of c-jun, this finding is particularly interesting, because this proto-oncogene has been shown to be necessary for cell death of sympathetic neurons Ham et al., 1995) . It is not known, however, whether a similar increase in c-jun levels is observed with camptothecin treatment in neurons.
Our findings may have clinical implications, in that neuropathies constitute a significant clinical side effect of the therapeutic administration of anticancer agents. As an example, some patients treated with high-dose araC for refractory leukemia develop a cerebellar toxicity syndrome, characterized by loss of Purkinje neurons (Winkelman and Hines, 1983; Vogel and Horoupian, 1993) . In addition, patients treated with cis-platinum frequently develop peripheral neuropathies (Wallach et al., 1992; Mansfield and Castillo, 1994) , and children treated with chemotherapy or radiotherapy for brain cancer show significant reductions in IQ (Radcliffe et al., 1994) . Understanding the potential role of cell cycle deregulation in certain neuropathies may lead to clinical strategies that limit these side effects, perhaps through coadministration of neuroprotective agents like CDK inhibitors or G1/S blockers.
In summary, we have demonstrated that multiple agents with G1/S or CDK inhibitory activity prevent the death of neurons evoked by the topo-I inhibitor camptothecin. These results are Figure 11 . Dose-response relationships for inhibition of camptothecin-induced cortical neuronal death by flavopiridol and olomoucine. Mixed cultures were treated with or without 10 M camptothecin in the presence or absence of flavopiridol (A), olomoucine (B), or iso-olomoucine (C ), and neuronal survival was evaluated at 24 hr by the CFDA assay. Data are expressed as percent control of the mean Ϯ SD (n ϭ 3-4 per condition). The effects of both flavopiridol and olomoucine on neuronal survival were significant ( p Ͻ 0.0001 by one-way ANOVA).
